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(54) Vertical-cavity surface-emitting lasers with intra-cavity structures 



(57) Vertical -cavity surface- emitting lasers 
(VCSELs) are disclosed having various intra-cavity 
structures tr ;hieve low series resistance, high power 
efficiencie: d TEM co mode radiation. In one embod- 
iment of t. . i;..enticn ( a v'CSEL comprises a laser cav- 
ity disposed between an upper and a lower mirror. The 
laser cavity comprises upper and lower spacer layers 
sandwiching an active region. A stratified electrode for 
conducting electrical current to the active region is dis- 
posed between the upper mirror and the upper spacer. 
The strati? 'ice mectrode comprises a plurality of alternat- 
ing high and 'cw 6cpe6 layers for achieving tow series 
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Description 

CROSS-REFEFrNCE TO RELATED APPLICATION 



[0001] This .-^plication is related to cur co-pending 
application sen.;. No. 07/790,964, filed November 7, 
1991, for "vlsfciv Light Surface Emitting Semiconductor 
Laser," which is ncorporated herein by reference. 



[0002] This invention relates to semiconductor lasers 
and, more particularly, to vertical-cavity surface-emitting 
lasers that utiles intra-cavity structures to achieve low 
series resistance, high power efficiency, and single 
transverse mod - operation. 

F THE IN V ENTION 

[0003] Vertical- cavity surface-emitting lasers 

(VCSELs) emit adiation in a direction perpendicular to 
the plane of the p-n junction or substrate rather than 
parallel to the plane of the p-n junction as in the case of 
conventional ecoe-emitting diode lasers. In contrast to 
the astigmatic beam quality of conventional edge emit- 
ting lasers, VCSELs advantageously emit a circularly 
symmetric Ga..-,sian beam and thus do not require 
anamorphic co: v^tion. VCSELs, moreover, can readily 
be made into tw . dimensional laser arrays as well as be 
fabricated in e. ^mely small sizes. Accordingly, two- 
dimensional VC >EL arrays have various applications in 
the fields of opti. al interconnection, integrated optoelec- 
tronic circuits ar.j optical computing. 
[0004] To acnieve a low threshold current, VCSELs 
typically utilize thin active region on the order of >74n 
thick or less, fc-.t-re A. is the wavelength of the emitted 
light and n is the index of redaction cf the active region. 
With such a thin a.;tive region., howa\ er, VCSELs have a 
single pass optical gain of approximately 1% or less, 
thereby requiring "ne use of end mirrors having reflectiv- 
ities greater thar 99% to f-c.nieve lasing. Such a high 
reflectivity is normally achieved by employing epitaxially 
grown semiccnd.';ior distributed Bragg reflector (DBR) 
mirrors. 

[0005] DER m . i ors comprise alternating high and low 
index of refrac* /' semiconductor layers. For a reflectiv- 
ity greater tha. . * ■%, between £0-3'- pairs of such alter- 
nating semi-:: :ictor i- # -'s is typically needed, 
depending cr tne Jiffere." ;e « etwe.-n th- refractive indi- 
ces of the layers. Coped -.-.it:, the a: cronnate dopants to 
have oppos;t3 con iuctivlt/ t. -~.es, tne DER mirrors form 
with the acti-v e re^.on a p-i-r tructure. Current injection 
is facilitated by m .-.Inc eiec;. ccnta:ts to each DER 
mirrcr such that t actions -.n.. hcas raverse through 
the mirrors to re&-h the active regie. i. v. here they com- 
bine and ger.e-a'e radiation, ' 

[00( 3] Un:~ i .naiety, tno VCSEL's applicability is 
seve ely limits:: h ts low :p:icnl pc ./er output. Particu- 



larly, VCSELs have not bee . : '3 achieve compara- 
ble optical power output lev* . . v.. se of edge-emitting 
lasers. The total power -„r. is .cy of VCSELs is pres- 
ently limited to loss than approximately 10%, whereas 
5 edge-emitting lasers rcut'nely etoibit power efficiencies 
over 50%. 

[0007] The VCSEL s to v prwf - ?;;iciency results from 

two contributing factors: {1} ^ectrical conductivity, 

and (2) low optical quantum : . The low-electri- 

10 cal conductivity is caused r - : •-all cross-sectional 

area of the active region, i. ?.. ... i conduction area, 

and the high resistance a* with electron and 

hole transport perpsnr . n:h the multiiayered 

DBR mirrors. The on: : .' . .turn efficiency of the 

15 VCSELs. however, is r-.'- :. ?he optic?.! field overlap 

with absorptive materia ■ ; if " i ' " laser cavity. 

[0008] To date, all den-on^ra ! designs of VCSELs 
have compromised behv'-er ;h-' ;!;a! and electronic 

characteristics. Design , :hn *• .-.;« optical quantum 

20 efficiency minimize e: "t!i:\ 'icii.ity. and vice 
versa. 

[0009] In a recent £ ;n o .-s the high series 

resistance problem, K-a v. • 4 ,n U.S. patent No. 

5.034,953 entitled " : .• t • En-iniog Diode" 

25 describe a VCSEL co- ...-,--r c,vity disposed 

between upper and lo*. n. , , with an active region 

sandwiched between ■ • . ' i^.-ar ..racers. The 

lower mirror incudes a : .: ' :r i jR, whereas 
the upper n mirror include " \ ■ ' : .^3- . An electrical 

30 contact layer comprisi * *■ t.-"j c- : rs of p-type 
doped GaAs/AIAs sen- ; — < ' -.~\z *hich form a 
semiconductor DBR is ... .en ;r,a uppc-r die- 
lectric mirror and the u- e* ' :■' ■ in'octing current 
into an upper porticn c . ~ .t ..ion. 

35 [0010] The VCSEL r - ■ i . . fur the- com- 
prises a contact -ecion •■ . an :j conductiv- 
ity increasing io- c intc ■ • cun ng the cavity 
between the actr.a lay * ' : c . ■ trie struc- 
ture, electrical c ren; . u , *)ne or two 

40 pairs ol G a As/A. As sen : • e to rea:h the 
upper spacer and then ' * 'tea;! of the 
typical 20-20 pairs in j " s. C onse- 
quently, the series resi • ^ strur'ureis 
reduced. 

45 [0011] Despite this i" -e: in -omparisonto 
edge em.ining lasers, * • •• is sti ! high, 
limiting itc nei-forn-snc j --n ''-e-'oping 
concent; a:icn in r.oo-- *' 1 utire typ- 
ical 10 '-Vcm 3 to 10 : • . - . uid further 

so reduce tne series rer • ron.entra- 

tions prcnibitivel/ nc . :n. ^.^duce 

quantum efficiency ?■ " > iorm- 
ance. 

[0012] Another prr . a n f.; ^r art 
55 VCSELs is that they te . ■ ji a er trans- 
verse modes, wherea r ? c r -de -EM^ 
lasing is typ* rally pref-? 

[DC13] There'.::-, ': . • v= ' on to 
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reduce the series resistance cf VCSELs without sub- 
stantially compromising their optical quantum efficiency 
so as to improve their power efficiency. 
[0014] It is another object of this invention to suppress 
higher-order transverse mode lasing within VCSELs. 

SUMMARY QF THE INVENTION 

[0015] These and other objects are achieved in 
accordance with the invention in vertical-cavity surface- 
emitting lasers (VCSELs) that utilize intra-cavity struc- 
tures to reduce the series resistance and achieve single 
transverse mode TEM C3 operation. The intra-cavity 
structures include a stratified e'edrode, a stratified elec- 
trode with a current apenure, and/or an optical aperture. 
[0016] In one ^referred embodiment of the invention, 
a VCSEL composes a laser cavity disposed between 
upper and lower distributed Bragg reflector (DBR) mir- 
rors. The l«ser cavity comprises upper and lower spac- 
ers surrounding an active region that generates optical 
radiation A strayed electrode is disposed between the 
upper mirror and the upper spacer for conducting elec- 
trical current into ihe active region to cause lasing. Alter- 
natively, the stratified electrode can also be disposed 
w/ihin the upper mirror, preferably below most of the 
upper mirror. 

[C ,17] The str :ified electrode comprises a plurality of 
an imating high .nd low doped semiconductor layers of 
the same conductivity type, vertically stacked with 
respect to the cVive re«: : on. During lasing, a standing 
wave with pe.ic :ic intensity maxima and minima is 
established in tru laser cavity. 1 ::e high doped layers of 
the stratified eU.r ode are positioned near the standing 
wave minima, separated by the 'ov> doped layers posi- 
tioned near stri ding wave marina. This arrangement 
p' :duces a high ■ ansver-e conductance in tie stratified 
e f.ctrode without subctar.llatty increasing optical 
sorptic* and, -.3 a result, greatly reduces the series 
t ccm-r :-mising the optical efficiency, 
her c/.:..odiment, in combination with 
.trod:-, an elern'cal current aperture 
r sm.i !er that, the laser cavity optical 
^her-order transverse 
'his ct.-rrent i-nc-rture substantially 
:rowdi.ic; at thr: peripheral portion of 
a fid increase electrical current den- 
A the active r-." tor. As a result, higher- 
•icde ; \sing : ', eliminated, 
-ica! c^rrein r. erture is a disk shaped 
,-.;ed L een the upper mirror 
!r defir **: by an ion implantation 
.' :r,i> in: the annul at surround- 
;<.; i..' zi::r~;-: aperture : s vertically 
jnier :.: the u jer mirror, and has a 
i cr ST a er th ■ that of the upper mir- 
.! area .hat c- ies the current aper- 
:t "vit.- rxJutir'- '-yr, concentration such 



rc istanc? with-. 
[jG18] in an 
thu strat'fied e ! 
having a ciame: 
aperture is us.-.* to suppress 
m.de lasi-g. 
re« uces cvn-zr: 
the active ree^ 
sC/atthe erue. 
o« ler transverse 
[,.)19) "heele 
njion hi \:c.« 
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:ty. 
•le 
ne 



a dthea:. 
o** :ondu-::i 
irt, area, 
aligned tc 
dimeter e.}. a 
rc*. The : . -pia 
t."9 has a : :n 
t l \-t, in IN »-. 
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a high resistivity wh. 




: : Mayers remain 




conductive. Therefcr- 




. rent is applied 




to the stratified ele 




u . stantial'y parallel 




to the active region , 




:h-r current aperture 
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where it is then ver: 




* r u. / ejected into the 




active region. In th! 




e ■. .nsverse mode 




TEMqq operation is 








[0020] In anoth^ 




• c. ' ; ■ e invention, a 




VCSEL comprises 




:,osed between 


10 


upper and lower C 




;• :r cavity com- 




prises upper and Ic 


jr : 


■ ding an active 




region. The upper - 


•j ' ' 


« DF?s which 




comprise sequenf •' 


) 


: lev index of 




refraction layers. T* 


i ' 


s : ■• r :r defined as 


15 


having a gain regio- 




:;. . - tive region by 




an ion implantation 


! r 


ding area with 




conductivity reduci; 




Wing n a plane 




parallel to the activ 




re-.: v.: thin ihe upper 




DBR mirror. Prefe--; 


/. ' 


"•v-r : - placed within 


20 


only a few layers oi ; 




t i ie upper DBR 




mirror above a top p 




Tne metal layer 




has an opening w! 




, ^dto the gain 
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£■ 
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• as. .n optical 
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- 
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to efminate hig he- 
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addition . the meta. 
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met:! contact, the!-. 


' r 


:, re nuance by 
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■ cal Positions ^ 
Fig. 5(d) i: a r 'if . 
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s callow implan** tion to reduce contact resistance; 
F* g. 5(e) is arr ; ler modified sructure of Fig. 3 uti- 
liring an etche j mesa to reduce contact resistance; 
F.g. 6 is a crcs -.-section of the active region and the 
upper and low pacers of the la.^er structure shown 
in Fig. 3; 

Fig. 7 is an enlarged cross-section of an upper die- 
lectric DER mirror shown in Fig. 3; 
Fig. 8 is a cross-section of a VCSEL with a stratified 
electrode and an etch defined electrical current 
aoerture; 

Fg. 9 in a err -s-section of a VCSEL having an 
r >ra-caviw op'i r al aperture and an optical gain 
r: gion su; am*' :d by an annular implanted region; 
F g. 10 is x en. -^-section of a VCSEL with an intra- 
cavity optica! .-.nerture and an etch defined optical 
c-.iin region; a . : 

F : g. 1 1 is a cro-s-section of a VCSEL with an intra- 
cavity optical aperture and an optical gain region 
surrounced by a regrowth material. 

DETAILED DESCR'^TION 

[002-] The 'present invention re'ates to vertical-cavity 
surfer e-emin g I ~"rs i.VCSELs} having intra-cavity 
structures. Tl.^ in' : : -cavity structuos include a strati- 
fied fc' tetrode a s;. Jfioo electrode with a current aper- 
ture, and/or a.-, op:. .! aperture. These VCSELs with the 
abovr intra-cavity ..tructures have drastically reduced 
series resist nee, ..ignificantly improved power effi- 
ciency and % gle tr-.nsverse mode TEM 00 operation. 
[0023] In Rgs. 1-10, illustrative views of various 
VCSEL stru- 'ures in accordance with principles of the 
invention a; .: show. .. Per convenience of reference, in 
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nents have been given the 



i: a VCSEL with a stratified 
•h ihe .nvention. The VCSEL 
or 20, a l:v;er spacer 30, an 
upper spacer 2Q, a first stratified 
i upper mirror 70. Following tech- 
ait and described, for example, in 
949,3:0 entitled "outface Emitting Semi- 
conductor Laser," layers 20, 30, *C, 50 are epitaxiaily 
formed on ? s jbstr e 1 :. First strarfied electrode 60 is 
d c ■•■ vnper sr>:.*;er 50. Two electri- 
ect. i:al contest:: £0 for electrically 
ed e!.--;rod»-' S~. and a bottom el ec- 
lectic !y cjnfc ting substrate i0. 



also epitaxi; ly forr 
cal ( tsntacts a top 
com.:tingf 'stra' 
trica "ontac. ) fc 
area , t) czr uct 
[0025; Ei t ica 
tactec to fir ■ i »trai. 



' cm electrical con- 
j, then to spacer 50, 



jn eni passes 
ed e: ctrcde z 

active 'egion ^0, sp ce- 20. mirror 20, substrate 10 and 
finally *o b^t .m el-. 'tr:.:al centr e- rO. Since e Metrical 
curren is co i^ucter. ■.hnuQn the stratified electro* :e into 
the a.;tive r*;'on, t mirror "0 -J^es not neeu to be 
conductive. -Jvant lec.^N 1 . t:'i's a v.-s the VCSEL to 
utiliz : an U|. er di-: ;:r" : mir: :r Dielectric iayers 



can be fabricated to ha- ■ q ' - 
index than semicendu* • :U f 
lectric layers are rcquii I tc 
ror, for example, 4 or 5 1 -.irs ' 

5 for semiconductor iaye z. T: 
suming process of ep ■ xia 
conductor DER mirror t *.d y 
[0026] First stratified -: ec: . 
doped layers 63 and tv. ■• lc% 

io ers 62, 63, and 64 hav - :r 
dopants as upper spac ■. 5«- 
current to active region C . / 
formed by an anm ~c 
region, is utilized ' ; I . 

15 current. Electrical turn t, a 
100, flows horizontally id t 
region to cause optic?" -dia 
due to the hi::h cond.: /it 
there is substam'ai later ?c; ■ 

20 ers 63. 

[0027] An embodim : \ 
stratified electrode is s: . v. 
fied electrode 25 ir- dir- : » 
and laver mi: ror : 0. " ^ 

25 comprise 3 two hicr ::•■* 
layers 22, 23. Lay- ;• 1 
tivity type dopan; n~ .wr 
opposite con:!L:ct : - iiy ' oe 
electroceSO. An e'ret -lc 

30 electrically conr.enes" • 
Alternatively, ciectrica. 
stru cted i : id e n t i ;a !' y t z 
[0023] The s.irie-.t re- 
the VCS=L a.e fi-;:h.-: ■ 
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45 high spe: J c hie : 
from the , .'*e -fa: ■ 
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tors (r Ts), h . " 'T 
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aperture, as shewn in Fig. 4, is utilized as one means to 
substantially eli . inate higher transverse mode lasing. 
H gher tr= averse mode lasing is mainly due to two fac- 
te ..-s: (1) " e current often flows at higher density in the 
c ter pa. i of the active layer due to low resistance; and 
(. ) the gain in the central portion of the active layer is 
q :ickJy coached by the lowest-order mode and cannot 
be replenished fast enough due to the lack of good 
transver; ; conductivity in the active region. A stratified 
electrode with an intra-cavity current aperture provides 
good transverse conductance and uniform current injec- 
ts n into :he act've region so as to substantially elimi- 
nate higrer trar* . /erse mode las»ng. 
[<~031] T he fabrication process of this device begins 
v. :h a n' doped GaAs SLbstra'e 10, followed by the 
s quent' epitaxial growth of low or semiconductor DBR 
r rror 20. lower spacer 30, active region 40, upper 
spacer f D, and stratified electrode 60. Two proton 
inplarrtM regie rT», a deep implanted region 48 for defin- 
ing a c-j '-ent eoerture 47, and a shallow implanted 
region C for isolating the device from other devices on 
the same substrate, are formed by well known implanta- 
tion tec'~nique^. The device is further thermally 
a i :iea!e. ?.t a igh temperature to reduce damage 
c -used b : . -he ^plantation. 

[i.032] " jp or-.iT ic contact 80 f..r contacting the strati- 
f. d elect >de ii ivmod by photc Mhocraphy and metal- 
lic depv-S.Jon. Upper dielectric mirror 70 is then 
c '.posit- . ana refined by f-hoto : hocraphy and diel ac- 
tion. \jbs irate 10 is ;ne;i lapped down to a 
."r.kne ■ L er'rsre farming a back Ghmic contact 
v.ctir..; ;he n* deoed G. : .As substrate. 
Curr- i erU::e 47 is defined by annular 
■ oton in. meo region 43. Advantageously, 
■rtui ' r is designed to have a smaller diam- 
ope- *.!::or 70. »n fo: riing the aperture, the 
- e: jQy is judiciously chosen such that the 
prou 1.3 are si-'-stani 5 .!!y verticaly confined 
i ele- \ ce 60 sr. 4 > upj. ;«r spacer 50. Also, the 
:i prc'on r.-ncc iratic" is chosen such that, 
l;. =»nU : rec' n, t:.e p- oo hw doped layers 
; esi t :ve vherVv.-; the p"-;ype hi-jh 
ni . onduL-ive. Tnis config nation ccn- 
-.•n\ t 1 »' . as indicated Ly the solid 
b.-Vc ly d ur.'formly into the active 
no r-srrem .rowing at the periphery of 
- r. :d res .ll'n; in single transverse 
r.:'"n. S : .nilar .*, current aperture 47 
*.oir. wi;,i sec:nd stratifi d layer ZS 
:on;.:t " of Fk\ 2. 
vn in Fit. low ;■' min or 20 comprises 
21. 22 u' -i* dc ed A! As and AIGaAs, 
h l;;er is a *y<- thic-., whe e /. is the 
e • ^.itte * rad'at'-r.. For a detai *d 
2 - ita: ' : gro-vih of se; "^conductor 
U. *xa. ;e,J. Je.vell et a:.. "Verticsl- 
.... . I :-rs: >eoign, Growth Fabri- 
1 2L5 J ;urn a I r Q"antum 



t c dep.*. 
C ;3ired ■ 
& ) for c 
[j033] 
' shaped 
c :iren: • 
e-.ai- ir . 
\i ■ ia.\t« 
i< plant* 
it ;tra;i; 
i« otan?; 
i ;ho i- 
t -cornr 
c -ped 1 . 
f as -5' ' 
a cw, : 
r- /or, 
t e ac 
r^«;.c: T' 
c e ' ! t* 
a a/or - 
[ 02l| 
a rrra*' 
r- xec" 
v -.el-: ■ 
c .stjv: . 
[ • : 
C .ity£ 

C On 



:htv 



nir" 
•'3 J 

0 ' 
» r 
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which is incorpora .1 h 
[0035] As shown i : i ( 
wiched by upper a - 
5 spacers 30, acti/e 
stratified electrode " . . 
p-type high doped • ? 
InGaP layers 62 an 
doped layer 62, h- 3 a ' 
70 A/4n, low doped Ir.ye-' 
greater than }J*',n, 
63 and layer 6-' ? ' ;: - ■ 
index cf refrac ^r. i , ■ 
layer 62 hasathic ■ c* . 
75 cenirations of t-' "?';■}? 
imately l0 20 /c:r ? r. 
a hinh doping c.- . 
beccme very co:x 
[0035] Fig. 
20 the VC3EL wi n r .. 
optical cavity w!v. -in 
tered at standi.:; v. ;c-r 
are centered a: c : 
wave intensity 
25 the optical cavi:/. . - ■ 
where -he ligh; i'4 
wav minima are .. c. 
more readily a:>S" ' 
absorb .d by !'••/; - i< 
30 plac the h -j 
and ;hr lev gl. 
abscrp:!on in s 

[00; ?] Low , a . : i ■ 

has athicknes - ■ i 
35 minor and th ... ■• 

standing v,*av-: v 

spacer 50, a: • 

laser optical c .. : 

may be realiz.- .. 
40 leng;h the r 

refra-r n of th >• 

[00: F g.5 ■* 

laye-s h s'ratif J . 

tica' r -eitlens 
45 h\gi r.oped A - 

the energy b£ ' •. - . 

face. This res - . 

thes-'stifhd z no 

cent :-:ed hoi- • g 1 
50 spill* \- ever 

Ga/: "d A ^ 

lnG<.= .r A1 X C ■ .. V ... 

value . eater t 1 . ' h 

cop- ' "ayers, i ■ a 5< 
55 stra\ I'ectr i, , 

ths' . v ; . ' a e. * '■ 

subr* ■ •Ja ly c 

cien./ of the U - - 



1332-1346 (June 1991), 
• reference. 

K an optical cavity sand- 
nirrors comprises lower 
. upper spacer 50, and 
J electrode £0 comprises 
yers 63 and low doped 
stratified electrode, high 
as equal to or less than 
a thickness equal to or 
of the thickness of layer 
:?My)J2n vvherenis the 
::ive laye- s. Low doped 
. The p-type doping con- 
loped laye-s are approx- 
\ respectiv ty. With such 
high dopfd layers 63 

anding wave intensity of 
5 vertical position in the 
oed layers 63 are cen- 
and low dcoed layers 64 
maxima. The standing 
■ intensit y of the light in 
:ing wa -e maxima are 
\ wherea.. the standing 
. !s least L-.i nse. Light is 
'.roed ma:..ialsandless 
:.;s. Advantageously, by 
•-.I the intensity minima 
. intensity maxima, light 
mized. 
electrode 60 
eof the upper 
•ted at the 
- oning upper 
pacer 30, a 
: ;o mxy2n eff 
: s the wave- 
rtive index of 

:/?.gram of the 
to their ver- 
v, from each 
*erein due to 
! nGaP inter- 
•v juctance in 
5 highly con- 
ayers from 
Miernatively, 
.:GaAs and 
. *<nere y is a 

■ u igh and low 

■ i intra-cavity 
e as low as 
>ed without 
la.ntum effi- 



60 is mi. 

stratiiie^ 
e irrte? ia , 

"'9 is ' 

jrly.Ji 
. I lev. -r 

■ j :h t : . 
:ne • 



H . os 
ic. d 

AK 
•;r 



•V-vr 

s 
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[0039] The. 


•ppermost semiconductor structure in Fig. 




When this region isd;-.'' 


nedb; . 




atic-n, there is 


5(a) can be • 


odified in order to minimize the contact 




no known way to obvi. 


'e ;his ; • 


\ exc 


ept by a high 


resir^nce b 


.veen :he top electrical contact and the 




temperature anneal v;: 


h mic * 


rod- 


!C the effect 


strat'ied eie * 


ode v.hich is otherwise compromised by 




of the implantation ar. 


henc- 




sa i!te struc- 


the low dop 


, lev!e of layer 62. It is not desirable for 


5 


tural integrity of the de. 








layer 62 to fc 


:igf fy doped inside the laser cavity since 




[0046] When a mesa 


" o;ch^ 


e leve 


•Icf the active 


it would incr • 


se me absorptive loss. 




material, it is possible 


*• the 




to include a 


[0040] Ac 


:hown in Fig. 5(d), one way to minimize 




passivation of sidewa'' 


, of : 


. e r-.aterial. This 


such contac 


resistance is to torm a shallow p-type 




passivation preserver 


' ,c can- 


time. 


reduces the 


implanted re L on 65 just outside the laser cavity under 


10 


non-radiative recombination e-*. 


efor- 


3, results in a 


top electrical /ontact 80. This would increase the p-type 




lower threshold curre;".: 


and r 


d optical quantum 


carrier cone*: 


•Ya^n under top electrical contact SO 




efficiency. 








without con- 


jr!ri:"3 the epical quality of the cavity. 




[0047] In another { 


•-•cdir 




i "n Fig. 9, a 


Forming th- 


ahalic ■ ir.:pla»ied area can be easily 




VCSEL comprises *: 


•"lU 


=> i >\ 


. - r OR mirror 


accc ^plish 


•r-ou.n c:and,-.rd ph: ^lithography and 


15 


210, a lower spac 


n a 




.an upper 


impl-ntafrr. 






spacer 2<'0, and a • w 




. 2 . ^. 


A...etal layer 


[004 M Ar.; 


:er way, as shown in Fie. 5(e), is to per- 




260 having an o: 'ic,,- 


ert ... 


S is f 


orr -d within 


form a shall; 


etc : fcrm a mesa structure consisting 




upper minor 275, nei* 


*ivi 




n or 275 into 


of top mirror 


■;> and ir.e central portion of layer 62. Con- 




two portions; a lower t: 


• :»c-n t 






squently, tor 


elecricsl contact 80 is formed on high 


20 


270. This metal laye* 


. oe. ; li- 


c::i-a' 


■*..g of gold 


doped laye- 


;3. wsreby reducing the contact resist- 




beryllium (AuBe), also 


;unc:i ■ 




hn-ic contact 


ance. Still a.-nther way is ; o clop the epitaxial growth 




layer electrically conn 


~;ed to ■' 


;riia'. 


2f:0. Advan- 


Sppr jXljTiaic** 


in l2*.c.r i^'i arvi Helots thP firnwih 




tageously, lower porti^ 


; 250 in 




a lew pairs of 


OT 18/ er Di. I 






semiconductor DER . 


••V/-V3 


: 'i 


« Ijw series 


♦i trari u*iItH 
Uil CV-. Will i v*. 


"n . . v i .<;..." r-i itc hA"nm in ffripi* to 


25 


resistance. The pr s 






. ers con- 


proc .ls c. 


,, i-.. c = -p ^- H^'.c.ii'.'iH waupipnoth 




tained in lower pc* :.qi 


Eh ! 




" r *i 10, and 




•j A ::..* : /t. rPniAn £il rnmnri^p^ 

. * 1 1 i • i j . o, c; 1 > v c 1 cvj i\j it ~ w i i ijji loco 




the optimu;:: nurv.. :■" . 






• nple, the 


thre - appro. 


*" 4 '•/ O A nr>c vr*m ♦Hl'-L lav/ore 4.1 nf 




specific c.evice c. 




"on v 


?.»■- -ength X., 


Gali'iP seoa. 


tiv-. ; .W^ dpU'l OAK 1 let i wi s ^'J r\. .yon vji 1 1 




and the rs»i.ror rri- --r-.* 








UIIO'A UCtJIlt-I ■ 


yen. -'^ C- AIGainP. Tht active region is 


30 


[0043] Although ov. 




r 


. ; 5 epitaxi- 


sanJwicheJ . 


lo. cpc.cer 30 and upper spacer 50. 




ally grow;] semicanal. 


r r" 




eiectrical 


Both space ; 


..wdeced AllnP material gradually 




contact, 'jpoerport'or . 


} J 




■ iconduc- 


graced to A" 


33? :-ear ih:' active region. The design 




tor DBR f.v.ror as >:;..• 






ri. JBR mir- 


and ;ormaii< i 


ci : rrtive ec : on an:! i;«e spacers are 




ror as shov/n in F:.::. 7. 


, - 




x :u. Details 


des; -ibed i: 


./ ! .. ... :• c nding U.S. pater 't appli- 


35 


relating to the des'7" 


r. J -t ' 




■h-- ^emicon- 


catior. Se-ia 






ductor DBR mirrr * 






- sprtcers, 


[0043; As 


,w-i ! Fi • 7, per mirror 70 cc. uprises 




and active re;;ior 


■ }- 






Si0 2 : ye ; 7 


J Ti- > i tt< er e-.cf. layer beir.t; a /74n 




cussed in c :ail ' "■: 








thick .vhe; : 


v. ■• ii . :> of re' '.ction. 1 - ; >ers 71 and 72 




[0049] An opt 






1 desired 


fbi,.;.- DBR. 


" .3 : :a:.v y large cirference in the 


40 


diameter is def ^ .• 


an 


- 


• ; pre ton 


inches c re 


. ; n of > « J TiG2 rs-'-d, in c^neral, 




implanted region • • " 




■ fi- 


:al aper- 


die.fciric in- 


r-Mr.':s fewer laye s to be used in 




ture 265 is desh \: : 




ne 


!er man 


forming the 


p-.r r. ?R f. ir: x. Typically. 5 to 6 pairs of 




that of the rptic?l l 




no 


•e., is oimen- 


these layers : 


.. e s -Ser: t provide the high reflectivity 




sioned s: to 


-• n . 


ati 


r-,. ?s cf the 


near; eel to a 


l^nc*.- i VCSEL 


45 


emitted i'. :r rac' ,tki: 


j ' 


too * 


is 'n record- 


[0044] T; 


: •. . ; t' - ociments Ascribed above 




ance wi: i well kr' wr 




on t 


\. Typically, 


uti' ; z » ar ar 


c Ir -ed re'jijn 43 :o define 




the diameter of c. Jr- 


V" 


5 ir 


- 2 to 7 


curre - \, ■* 


-7. ^ .. /. as shown in "ig. 8, a 




um, the riamets'- ' c 


i C 


*s 1 


• .3 to 30 


vertica' ms 


• i . *el- ^: ; ve latere" etch of 




urn, and '.hj .lev' ■? o 






: n. larger 


the a iv-- rt 


: . r s,. :unc' c i.- ; e^ can also be 


50 


th^nthec;. r . 


n 




c.ain 


usee! : : d? f 


::• .. , r :ui ?■* J isolate the 




[0050] \. :c.:s , e 


V 




d-; ce. c ~' 


• ;„ .-\ ., " ; de .1"*,:! by a vertical 




region. a-'c. e ■ 


' .0 




. : with an 


m- i s?. . ,4 ch a* 


a; - • etc;-. »% pecii. .ly. 




Optical C3"r -agic . v. 




by 


ai m ^sa 


[C04:.; v 


■;:r-; c.-. i also j - ^aineJ in the 




etch that re cals . ' ' i 




ed 


1 ..ic;let:h- 


piocs-.s Cf 


. -.e d'?.meic; of the device 


55 


ing of the '.:.*ve ; .ci * 


•< 


rrc • 


■1. -.'ater^is 


Sh;v> * rig. 


i s • --tv-e-n 4.-,o um, the carrier 




thai rev- - side*. -II i 




nor. 


. i region 


IKeti: -3 wi, 


.•".■j :e.:.':ed hy non-radiative 




sidewall 1. . cc: * . e . 


■ a 


'ring 


. - the 'at- 


reactor att 


. : • • e / :f t u r active reel on. 




eral etch'n; so c v 4 c 




n-rs 


1 'ac:nbi- 



6 
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notion. 

[0051 ] / : shown in rig. 1 1 , another means to define 
the optica yain regie n is, after vertically etching down 
t;:e surrou id : ng region below the active region, to verti- 
cally regrow around the optical gain region with a mate- 
rhl having ~ hi;ih resistivity and lower index of refraction 
than that ' the active region. For example, undoped 
AlGaAs on 227 may be regrown to surround side- 
wa!l 225. 

[0052] ' -,e op' cal effects of metal layer 260 on the 
la:er cavi* ean be- tailored by varying its thickness and 
location. L - makir j metal layer 250 about 100A thick or 
|p?s. its 0| '. :;al arsorricn can be made sm^ll. Further- 
more, by .-.cing a ih : *, metal layer such aa this in an 
intensity n i : mum cf standing waves, its optical absorp- 
tnn can i.- r icir ! / small. The optical absorption 
e ; fects of w\\ !ay t ; 250 can thus be continuously 
tt.ned by • 
diameter • 
[0053] -, 
ture begir* 
200. follov 
220, act; 
U .per mi;, 
v.uh a de-. 
r jundii.y : 
t at resul; 
F jllowinc ; 
h :ight as : 
face. Mete 
t.-re '..65 
diel«::.iic ■ 
270. Lie!: 

cn uacu .' 

Si03-rate 
[ 05m: 



v. n:; itc tr.ickness, its location, and the 
its apert..e. 

.; ;jiv:ess icr constructing the above struc- 
•v ; :h crowifv: lower mirror 210 on substrate 



d by ; 
regie r 
portlr 

ed d/: 

: : i V 



t res. r ir 
if dex c? r 
t e .-.i-ro; ' 
t re. He - 
rr-grc r ■ . 
ther. * c. 
c'tl< 
marie. 
[Cu55] 

S*"* Wei 

ir ■ .--s 
is f . e * 
t p pen'c 
h:v:-c- - 
pjr\.n 
t e rr-; 
C.JCt" c 

bo- : a.' 
[005 1 : 
ap-.-i.r.: 
dec 



can be plared betw ?.n tf 
spacer in the VCSF . or * 
may be replaced w i ' i - 
index of refraction \ x \ n :h 
5 Additionally, upper :. _r 
divided into upper a . ov 
stratified electrode, r - - 
sion of upp mirrcr "." ' i; 

10 Claims 

1. A v---! ; --'-cavity --r-fa 



Sffjueni'al growth of lower spacer 
z: ■ ), upper spacer 240, and first 
-.50. Than t.ne optical gain region 
t!c-r is :. rained by etching the sur- 
- ccv\n be' aw the a.;tive regicn 
*. a r-esa s::'u./.:re re-/er-!'ng sidewall 225. 
.? -.-;c . r'-.:G.;As is regrewn to the same 
e: .« " u..ti-.re so a a to form a planar sur- 
v : *.'2 . - in ;n ::epceitec and optical aper- 
. ec. i. cwjrd by the deposition of the 
e > fvat izrr.-. cecomi upper mirror portion 
rr* -cr r.- 0 I; " .hen defined and electrical 
.nc 2*0 i ;de to the metal U-.yer and the 
z t ect \;ly. 

[•-•grovvth -tructjre h?.s several 
V'a Td cr lateral r:hed struc- 
.:n cincture pr.r/L. *s a larger 
. een me r."tive region and 
i n does th-- ; :*p ! anted siruc- 
. i. is oette. :cr.iined in the 
ll : an in im; innted structure, 
ir ;i . . r, .: e opt'ral qu.-ntum efficiency 
-.1 He . ' : :r: »'ler ,1iame*er lasers to be 

: t: ■:- . z.-.-th pianarizes the VCSEL 
'.,z' :?.t'.s f/trtr'cal contact. In Iree stard- 
- / -icnin-. due to their small size^. it 
.i, i '.^ i » ■ electrical cc^ acts to the 
; th '■ * :h the re:*. 1 , structures 
~ i:- : , Mectrica! ..ontact to the :cp 

c -.nd "elia * ' .* r- made. Fur- 
p t .ate sic f. ..-til carnage pro- 
•it . . can te.m : n 5 :e dangling 

'-*• . ac * "ive -econ*: ire'icn. 
s: us .. :nj i.i the i; /ei.tion will be 
r*.:t 1-.- i- re-art U~-<" tl e foregcing 
■•v;. .: a ^n:'e sirallfieJ electrode 



er rr' r and the lower 
t ^rcv i / !GaAs regions 
i -mat" u'3 having a lower 

e ac: . e region material. 

igs. 2, 3 and 8 can be 

rtione. above and below 
*, anal* 'ously to thedivi- 
5.9, 1C d 11. 



•'Mir? I -a- comprising: 







a .v 


ostrat:* 




15 






-. mir:- m 


5? ; d bstrate; 






a {'i 


•? soar 


. sa " ' st mirror; 






an a 


c: ve i * ; 


1 or. " -.' i first spacer for 






9:v : 


li 


enet'i. ; 






a •; 


■ 


d or. J active layer; 


20 




a l 


CL.ldlJ. '..'f! 


:.on Zi. . second spacer, 






wh,» 


rein sa j first 


• secc \ mirrors define 






f h Pi- 


•■*■{' »6twe * *> a lc 


IvitV ' 






an ■: 


c'ical c : n r e 


•avi.-v desired diame- 






te;. 


t.rmed : !hin ; 


av- i re . a\, said opti- 


25 




ca 


;a«n re i h 


■ in . nu'.j' surrounding 






re 


; . of i c- 


y; r d 






a n 


■■■!'.! la, 


s j . :al aperture of a 






• SU- 




; .: ess hiaher order 






tra 




a' J metal layer 










ir. „. jf went to said 








• \ ». ■ c : 


. ai >e i:; e being ver- 






tic 


v a'igr .o - 


oti:a aa'n region, and 






h ■. 


•-: a d " ?tei 


: tc cr >..;a,!er than that 






Of > 


..J op: : ;a 


n. 


JO 












o 

c . 


The ve 




. ng 1 :*' a x cf claim 1 






Wh l?i 




■ x ickiiess less than 






4.0 or. 






40 


3. 


The v-r 




\ r*" . -g \: .;• \f claim 1 






or 2 w. 




, \ij cnad approxi- 






ma/eK 




■ 4 y i r.a formed 






in s i... 






45 


4. 


Th e v 




• i ig aser of any of 






claim-; 


!}, v.* 


r \ nV ccmprises 






dist-ib' ' 




)rir . =.;ernating 






layers 




i efr . en ir.aterial, 






each , 




'/4nv.here n is the 


50 




ind:x 




d sai i metal layer 






div'din; 


r. ' ' u r; 


u- ■ • :-d lower 






pO'tior 








5. 


The vs 




c .. zr cf c;aim6 


55 




wh:re f 


:a . r * 


• <. u ---d ah eve said 






metal 1 




c • v: uprises die- 






lee:. - 
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6. The verti' c-ivit/ surface-emitting laser cf claim 6 
whe.oin s -:v ^r pes tor \s disposed below said 
mete: lay .d said lower portion co mprises sem- 
iconducfc -ars. 

7. The vertic it-cavity surface-emitting laser of claim 6 
wherein s- J ;.c:nl layer is in ohmic contact with the 
semicond :::,r layers ot said lower portion for con- 
ducting e' "wfical current \z said active region. 

8. The vertK "avi:y surface- emitting laser cf any of 

claims 1 t ■ h" r-id optical gain region is sur- 
rounded . t iK.ISf region implanted with con- 
dvc^.ity i ! . • ic:"S. 

9. The verti :• ?.v!-y surface-emitting laser of any of 
claims 1 t : .vh-rein said optical gain region has a 
sidewall i n -«j c-y removing materials from the 
annular si • :ru.'ng regir-n. 



10 



15 



20 



10. The verti :svi i; surface-emitting laser cf any of 
claims 1 • 9 wherein t;*.e annular surrounding 
region in. -.s • : ;;rov.*th semiconductor material 
ha.-if.g a . \ \ ' :iv':y : vj r : sma'l.-r index of 
refrr. tier. . ■ ■: .. r^kJ active regicn. 25 

11. The verti - .v'.y surface-emitting laser of any of 
claims 1 r ' - or sin scid metal layer is substan- 



tially cole. 
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